Clonal deletion of autoreactive B cells is crucial for the prevention of autoimmunity, but the signaling mechanisms that regulate this checkpoint remain undefined. Here we characterize a previously unrecognized Ca 2+ -driven pathway for activation of the kinase Erk, which was proapoptotic and biochemically distinct from Erk activation induced by diacylglycerol (DAG). This pathway required protein kinase C-d (PKC-d) and the guanine nucleotide-exchange factor RasGRP and depended on the concentration of the Ca 2+ sensor STIM1, which controls the magnitude of Ca 2+ entry. Developmental regulation of these proteins was associated with selective activation of the pathway in B cells prone to negative selection. This checkpoint was impaired in PKC-d-deficient mice, which developed B cell autoimmunity. Conversely, overexpression of STIM1 conferred a competitive disadvantage to developing B cells. Our findings establish Ca 2+ -dependent Erk signaling as a critical proapoptotic pathway that mediates the negative selection of B cells.
Early B cell development in the bone marrow is characterized by rearrangements of the immunoglobulin locus that lead to the production of a unique B cell antigen receptor (BCR) on the surface of each B cell. This process generates an exceptionally diverse repertoire of B cells for the recognition of potential foreign invaders. However, a sizeable portion of the initial repertoire has the ability to recognize self, and these cells must be modified, silenced or eliminated to prevent later autoimmunity [1] [2] [3] [4] [5] . Immature bone marrow B cells initially express the BCR as membrane-bound immunoglobulin M (IgM), which establishes the first opportunity for the cells to recognize antigen. Antigen engagement at this stage results in upregulation of the recombination machinery and receptor editing, one way by which autoreactivity can be avoided while the cell is rescued 6 . However, as cells progress through development and continue increasing their surface abundance of IgM and IgD, they lose the ability to edit the receptor and instead become increasingly sensitive to antigen-induced apoptosis 7 . These transitional bone marrow cells thus undergo apoptosis after encountering antigen, a second checkpoint that prevents the development of later autoimmunity. Cells that survive past this stage then leave the bone marrow and migrate to the spleen, where they undergo additional selection checkpoints before completing maturation. Once B cells reach a mature stage, they become resistant to antigen-induced apoptosis and instead mount vigorous proliferative responses to antigen. Therefore, developmental changes during B cell maturation alter signaling responses to antigen in ways that lead to different functional outcomes. The molecular mechanisms by which antigen encounter leads to editing, apoptosis or proliferation at different stages of B cell development are not well understood.
Developing B cells produce less diacylglycerol (DAG) and show greater amplitude and duration of Ca 2+ entry in response to antigen, particularly at low antigen concentrations, than do mature B cells [8] [9] [10] [11] . Ca 2+ is essential for both receptor editing and antigen-induced apoptosis 7 , which indicates that greater amplitude of the entry of Ca 2+ into developing B cells probably contributes to their greater sensitivity to antigen-induced apoptosis. The mechanism that drives Ca 2+ into a lymphocyte is initiated by depletion of intracellular stores: crosslinking of the antigen receptor leads to activation of phospholipase C-γ, which converts phosphatidylinositol-(4,5)-bisphosphate into inositol-(1,4,5)-trisphosphate and DAG; inositol-(1,4,5)-trisphosphate then binds to its receptors on the endoplasmic reticulum membrane, which leads to depletion of Ca 2+ from the endoplasmic reticulum stores. This triggers an initial increase in the cytoplasmic Ca 2+ concentration, followed by opening of the Ca 2+ release-activated Ca 2+ channels (or other store-operated Ca 2+ channels, such as TRP channels, depending on the cell type) at the plasma membrane. Extracellular Ca 2+ then flows into the cell following a 10,000-fold gradient and further prolongs the increases in intracellular Ca 2+ concentration, a process known as 'store-operated Ca 2+ entry' (SOCE) 12 . The mechanism that couples the release of endoplasmic reticulum stores to opening of the plasma membrane channels has been defined, in part due to A r t i c l e s the identification of STIM1 as the long-sought Ca 2+ sensor in the endoplasmic reticulum [13] [14] [15] . STIM1 is a transmembrane endoplasmic reticulum protein that contains a Ca 2+ -binding EF hand located in the lumen of the endoplasmic reticulum. Under resting conditions, STIM1 is Ca 2+ bound and evenly distributed through the endoplasmic reticulum membrane. After release of the endoplasmic reticulum Ca 2+ stores, STIM1 becomes unbound from Ca 2+ and clusters and moves toward the plasma membrane, where it interacts with the channels [16] [17] [18] [19] [20] , causing them to open and triggering the entry of extracellular Ca 2+ . STIM1 is thus essential for SOCE, but the extent to which the abundance of STIM1 protein influences the potential magnitude of Ca 2+ responses has not been explored.
Here we use STIM1 to establish a system for sensitization of B cells to antigen receptor-induced apoptosis. With this system we identify and characterize a previously unrecognized Ca 2+ -driven pathway involved in activation of the kinase Erk. We demonstrate that STIM1 overexpression in a B cell line augmented the amplitude and duration of Ca 2+ entry and enhanced antigen receptor-induced apoptosis. By mass spectrometry we identify a Ca 2+ -dependent pathway to Erk with biochemical requirements distinct from those for DAG-mediated activation of Erk. Activation of this Ca 2+ -dependent pathway required the activity of the guanine nucleotide-exchange factor RasGRP and protein kinase C-δ (PKC-δ), and its disruption rescued the cells from antigen receptor-induced apoptosis. Furthermore, we identify Ser332 on human RasGRP1 as a potential phosphorylation site that is a likely target for PKC-δ and was essential for activation of this Ca 2+ -Erk pathway. Primary bone marrow B cells prone to negative selection had differences in their expression of STIM1, PKC-δ and RasGRP, and as a result, this pathway was selectively activated in these B cell subsets. PKC-δ-deficient developing B cells failed to activate this pathway, which correlated with the development of self-reactive B cells and autoimmunity in these mice 21, 22 . In contrast, developing B cells overexpressing STIM1 showed more negative selection at the bone marrow transitional stage, and this effect required PKC-δ. Our findings demonstrate that DAG and Ca 2+ can direct Erk signaling toward different functional outcomes, thus outlining a molecular mechanism by which developmental regulation of Ca 2+ -and DAGdependent Erk pathways can determine B cell fate.
RESULTS

STIM1 increases SOCE and apoptosis in DT40 B cells
Published work has described a role for STIM1 in SOCE [13] [14] [15] . We hypothesized that STIM1 might act as the limiting factor in controlling the rate of the opening of Ca 2+ release-activated Ca 2+ channels and thus control the induction of apoptosis. Indeed, cells of the DT40 chicken B cell line stably overexpressing STIM1 tagged with enhanced yellow fluorescent protein (eYFP-STIM1; Supplementary Fig. 1 ) had a greater amplitude and duration of SOCE than did wild-type DT40 cells in response to stimulation of the BCR or treatment with thapsigargin or cyclopiazonic acid (CPA; Fig. 1a and Supplementary  Fig. 2a ). Thapsigargin and CPA trigger SOCE by inhibiting the sarcoplasmic-endoplasmic reticulum Ca 2+ -ATPase pumps in the endoplasmic reticulum, thereby inducing passive release of Ca 2+ from the endoplasmic reticulum stores while bypassing proximal BCR signaling. Consistent with a role for Ca 2+ in antigen-induced apoptosis 8, 10 , overexpression of STIM1 sensitized DT40 cells to both BCR-induced apoptosis and thapsigargin-induced apoptosis ( Fig. 1b) during either stimulation regimen rescued the cells from apoptosis. Therefore, Ca 2+ -dependent proapoptotic signals are enhanced in DT40 cells overexpressing STIM1.
Greater SOCE leads to Ca 2+ -dependent Erk activation
We examined the tyrosine-phosphorylation profile of DT40 cells overexpressing STIM1 after stimulation for 2 min or 5 min with thapsigargin and observed robust and sustained tyrosine phosphorylation of a band of about 42 kilodaltons that was only modestly detectable in thapsigargin-stimulated wild-type DT40 cells ( Fig. 1c) .
Immunoprecipitation of this protein with antibody to phosphorylated tyrosine ( Fig. 1d) , followed by mass spectrometry, identified this band as Erk2. To confirm the identity of this protein, we stimulated wild-type DT40 cells or DT40 cells overexpressing STIM1 over time with thapsigargin or CPA in the presence or absence of extracellular Ca 2+ and analyzed the responses of phosphorylated Erk by flow cytometry. Although Ca 2+ -dependent activation of Erk was modest and short-lived in wild-type DT40 cells, it was robust and sustained in DT40 cells overexpressing STIM1 (Fig. 1e,f and Supplementary Fig. 2b ). Chelation of extracellular Ca 2+ by EGTA effectively abrogated the thapsigargin-or CPA-induced phosphorylated Erk response, which demonstrated that the robust Erk activation observed in the DT40 cells overexpressing STIM1 was due to the greater SOCE in these cells. Antigen-induced activation of Erk in lymphocytes is thought to be DAG dependent and mostly Ca 2+ independent [23] [24] [25] [26] [27] . However, we hypothesized that a parallel, Ca 2+ -driven pathway to Erk may become relevant in B cells when SOCE is more intense than the limited DAG signals 10 and longer lasting than the DAG signal. DT40 cells overexpressing STIM1 had greater and more prolonged production of phosphorylated Erk in response to BCR stimulation than did wild-type DT40 cells, and the greater amplitude and duration of the response depended on extracellular Ca 2+ ( Fig. 2a,b) . To determine whether this pathway to Erk was triggered mainly by Ca 2+ and less by DAG, we used diacylglycerol kinase-ζ (DGK-ζ), which converts DAG to phosphatidic acid, thereby inhibiting DAG-dependent responses 28 . We transfected DT40 cells overexpressing STIM1 with plasmid expressing DGK-ζ and also with plasmid expressing CD16 as a surrogate cell surface marker for transfection. We then stimulated the cells with either thapsigargin or a dose of antibody to BCR (anti-BCR) that elicited a phosphorylated Erk response equivalent to that of the untransfected population ( Fig. 2c,d) . DGK-ζ expression did not inhibit thapsigargin-induced Ca 2+ -dependent phosphorylation of Erk ( Fig. 2c,d) . In contrast, BCR crosslinking, which triggers DAG production as well as SOCE, elicited a phosphorylated Erk response that was partially inhibited by DGK-ζ. The addition of EGTA at the time of BCR crosslinking led to further inhibition of the phosphorylated Erk response, which demonstrated that simultaneous inhibition of Ca 2+ and DAG almost entirely ablated Erk activation in these cells. Thus, BCR stimulation can activate Erk via distinct DAG-or Ca 2+ -dependent pathways, and the kinetics of Ca 2+ entry and DAG production affect the relative contributions of these pathways to the overall response.
Ca 2+ -Erk signaling in bone marrow developing B cells
We next investigated whether the activation of the Ca 2+ -Erk pathway that we observed in our DT40 B cell model with STIM1 expression also occurred in primary B cells. We stimulated bone marrow cells from wild-type C57BL/6 mice with thapsigargin over time, then fixed the cells and made them permeable, and stained them for phosphorylated Erk in combination with cell surface markers, followed by flow cytometry. Only immature and transitional B cells showed robust Ca 2+ -dependent Erk activation; earlier precursors or mature recirculating B cells did not ( Fig. 3) . Ca 2+ -dependent Erk activation was less robust in splenic transitional subsets than in bone marrow immature and transitional cells (data not shown), which suggested that this pathway is more relevant in the bone marrow. Thus, B cells are altered developmentally to allow the activation of this pathway A r t i c l e s specifically in bone marrow B cell populations known to be highly sensitive to apoptosis, during which an important checkpoint for the deletion of self-reactive B cells occurs.
Loss of developing B cells overexpressing STIM1
We next hypothesized that, similar to the effect observed in DT40 cells, increasing STIM1 in bone marrow hematopoietic progenitors might increase SOCE, enhance Ca 2+ -dependent Erk signaling and sensitize developing B cells to negative selection. To test our hypothesis, we infected bone marrow hematopoietic stem cells expressing different congenic markers with retrovirus carrying eYFP or eYFP-STIM1. We used these cells in competitive repopulation experiments and monitored the survival of eYFP-STIM1 + B cells throughout development relative to that of eYFP + B cells. We found that eYFP-STIM1 + cells were outcompeted by eYFP + cells ( Fig. 4) , which resulted in very low numbers of eYFP-STIM1 + peripheral B cells. The greatest loss of STIM1 + B cells occurred in bone marrow stages that correlated with the developmental onset of Ca 2+ -dependent Erk activation. Thus, increasing STIM1 expression conferred a competitive disadvantage to developing B cells at the same stages that are most sensitive to thapsigargin-induced activation of Erk in unmanipulated bone marrow B lineage cells. To test whether this outcompetition was due to more negative selection, we examined the effect of STIM1 on developing MD4-transgenic B cells, which express a transgenic BCR that recognizes hen egg lysozyme (HEL). We infected hematopoietic stem cells from MD4 mice with eYFP-STIM1 and injected the cells into lethally irradiated wild-type recipient mice. We monitored the survival of MD4 B cells transduced with eYFP-STIM1 relative to that of nontransduced MD4 B cells throughout development. In the absence of antigen, MD4 B cells overexpressing eYFP-STIM1 competed efficiently with nontransduced cells during bone marrow development (Supplementary Fig. 3 ). In fact, mice occasionally demonstrated greater population expansion of eYFP-STIM1 + cells relative to that of nontransduced cells, an effect opposite to that observed in mice with an unrestricted B cell repertoire. Therefore, restricting the BCR repertoire to a transgenic HEL-specific BCR in the absence of antigen (HEL) was sufficient to correct the competitive disadvantage of STIM1-overexpressing B cells. These findings demonstrate that STIM1 sensitizes developing B cells to negative selection.
RasGRP-dependent Ca 2+ -Erk signaling is proapoptotic
We next investigated the mechanism by which SOCE activates Erk to determine if a causal relationship exists between this pathway and apoptosis. Calcium increases are not generally thought to modulate the mitogen-activated protein kinase pathways leading to Erk activation. RasGRP and SOS are guanine nucleotide-exchange factors for the GTPase Ras involved in the production of RasGTP upstream of Erk activation in lymphocytes 25, [29] [30] [31] [32] [33] . RasGRP proteins contain both DAG-binding C1 domains and Ca 2+ -binding EF hands, and they have been proposed to mediate proapoptotic signals in B cells 34, 35 . Although DAG is important for RasGRP activity, we hypothesized that under conditions of considerable SOCE, Ca 2+ could potentially trigger activation of RasGRP as well, leading to Erk activation. We first transiently transfected Rasgrp1 −/− Rasgrp3 −/− or Sos1 −/− Sos2 −/− DT40 cells 32 with eYFP-STIM1 and assessed the ability of these cells to support Erk activation in response to thapsigargin. Thapsigargininduced activation of Erk was almost entirely abrogated in RasGRPdeficient cells overexpressing STIM1 but was completely unaffected in Figure 3 ; splenic B cell subsets defined as B220 + CD21 -CD23 -(transitional 1 (T1)), B220 + IgM hi IgD hi (transitional 2 (T2)), B220 + IgM lo IgD hi (follicular mature (FM)). Data are from one experiment representative of at least three independent experiments (error bars, s.e.m.). (Fig. 5a) . We thus generated Rasgrp1 −/− Rasgrp3 −/− DT40 cell lines stably overexpressing eYFP-STIM1 ( Supplementary Fig. 4a ), which had more SOCE, similar to that in wild-type DT40 cells overexpressing STIM1 ( Supplementary  Fig. 4b ). As expected, given the results of the transient transfection experiments, these cells showed a nearly complete loss of Erk activation in response to thapsigargin (Supplementary Fig. 4c ). Deficiency in RasGRP rescued DT40 cells from BCR-induced apoptosis, even when STIM1 was overexpressed (Fig. 5b) . These results demonstrate that RasGRP is needed to mediate Erk activation by Ca 2+ and disrupting Ca 2+ -dependent activation of RasGRP and Erk is sufficient to inhibit antigen receptor-induced apoptosis.
SOS-deficient cells overexpressing STIM1
PKC-mediated phosphorylation of RasGRP is known to be important for its activation 25, 26, 36, 37 . To determine whether Ca 2+ -dependent activation of Erk requires PKC activity, we examined the effect of two different PKC inhibitors, GF-109203X and Gö6976, on thapsigarginor anti-BCR-induced phosphorylation of Erk. Unexpectedly, the two PKC inhibitors had opposite effects. GF-109203X potently inhibited the response to thapsigargin while having a minor effect on the anti-BCR response. Gö6976 did not inhibit the response to thapsigargin but inhibited most of the anti-BCR-induced phosphorylated Erk response, with the remaining phosphorylated Erk being Ca 2+ dependent (Fig. 5c) . This result was consistent with published studies examining the role of Gö6976 in BCR-induced phosphorylated Erk 36, 37 . Therefore, Gö6976 inhibits the DAG-dependent component of the BCR-mediated Erk response but not the Ca 2+ -dependent response. In contrast, GF-109203X inhibits the Ca 2+ -dependent Erk response but not the DAG-dependent response. Although both of these inhibitors are known to inhibit classical PKC proteins with similar potency, their ability to inhibit nonclassical PKC proteins is different. GF-109203X can efficiently block PKC-δ activity, but Gö6976 cannot 38 , which suggests that this PKC isoform has a critical role in Ca 2+ -dependent Erk signaling.
Ca 2+ -Erk signaling requires phosphorylated Ser332 of RasGRP1
The cooperation between PKC and RasGRP proteins has been well documented, but the only phosphorylation site thus far identified as a target of PKC proteins is RasGRP1 Thr184, which corresponds to Thr133 of RasGRP3 (refs. 36, 37) . Notably, neither of these sites fits a PKC-δ consensus target sequence. Moreover, phosphorylation of these sites is blocked by Gö6976, which does not inhibit PKC-δ-or Ca 2+dependent Erk activation. Indeed, we found that RasGRP3 Thr133 was not phosphorylated in response to thapsigargin, and a mutant RasGRP1 with replacement of the threonine at position 184 with alanine was largely functional in mediating Erk activation in response to SOCE (data not shown). Therefore, we hypothesized that PKC-δ could potentially phosphorylate RasGRP on other sites and thereby induce activation of a functionally distinct Erk pathway. To test our hypothesis, we selected candidate sites on human RasGRP1 on the basis of the following three criteria: first, putative sites must have a PKC-δ consensus target sequence (S/TXXR/K, where 'S/T' indicates serine or threonine, 'X' indicates any amino acid, and 'R/K' indicates arginine or lysine); next, these sites should have a predictive phosphorylation score above 0.8 on the Netphos 2.0 server (Center For Biological Sequence Analysis, Technical University of Denmark), which provides predictions for serine-, threonine-and tyrosine-phosphorylation sites in eukaryotic proteins 39 ; and finally, sites should be conserved across species (chicken, mouse and human; Supplementary Fig. 5a ). We identified five potential serine or threonine sites on RasGRP1 and individually substituted these with alanine. We transiently transfected RasGRP-deficient DT40 cells overexpressing STIM1 with constructs for these mutants or wild-type human RasGRP1. We then stimulated the transfected cells with thapsigargin and assessed the phosphorylated Erk response in the transfected populations. Four of the five mutant proteins were able to support Ca 2+ -dependent Erk activation ( Supplementary Fig. 5b) . However, the mutant RasGRP1 with substitution of alanine for serine at position 332 (RasGRP1(S332A)) was completely deficient in activation of this pathway, which resulted in activation of Erk similar to that in the parental RasGRP-deficient cells (Fig. 6a) . Cells transfected with the RasGRP1(S332A) construct expressed the mutant RasGRP1 protein in an amount similar to that observed for wild-type RasGRP1 protein in cells transfected with the wild-type RasGRP1 construct (Supplementary Fig. 6) , which indicated that this effect was not due to lack of expression or lower stability of the mutant protein. We then assessed the ability of this mutant to support DAG-mediated activation of Erk. Notably, in cells stimulated with anti-BCR in the presence of EGTA, S332A RasGRP1 was able to support Erk activation, albeit less than wild-type RasGRP1 was (Fig. 6b) . This result demonstrated that the S332A substitution did not result in a completely inactive nucleotide-exchange factor but instead that Ser332 is a crucial site that modulates the selective responsiveness of the exchange factor to Ca 2+ -induced signals. To further address whether phosphorylation of Ser332 is involved in Ca 2+ -induced Erk activation, we generated a phosphomimetic RasGRP1 mutant with substitution of aspartic acid for serine at position 332. This mutant A r t i c l e s was fully functional and induced Erk activation in response to Ca 2+ to the same extent that wild-type RasGRP1 did (Fig. 6c) . The same was true of the DAG-dependent BCR response, as measured by stimulation with anti-BCR in the presence of EGTA (Fig. 6d) . These results demonstrate that phosphorylation of Ser332 is absolutely required for Ca 2+ -dependent BCR-induced Erk activation but not for the DAGdependent BCR-induced Erk activation. Notably, unstimulated cells expressing the phosphomimetic mutant RasGRP1 did not show constitutive Erk activation, which suggested that although phosphorylation of Ser332 is required, it may not be sufficient to constitutively activate the pathway. Given the robust effect of the S332A substitution on the ability of RasGRP1 to mediate Ca 2+ -dependent Erk activation, we did homology modeling with the ModWeb server 40 and the template mouse RasGRF1 (Protein Data Bank accession code, 2IJE) 41 to gain insight into the possible role this site might have in the regulation of RasGRP1 activity (Fig. 6e) . Notably, this model predicted that Ser332 is in the flap2 region of the Ras-interacting CDC25 domain, where a phosphorylation event could affect the binding of Ras and/or the positioning of the catalytic helical hairpin.
Developmental regulation of STIM1, RasGRP and PKC-d
To determine whether developmental regulation of protein expression might have a role in the selective activation of this pathway during negative selection, we sorted bone marrow B cell subsets and examined the expression of STIM1, PKC-δ and RasGRP proteins. Consistent with the proposal of a role for this pathway in antigen-induced apoptosis, expression of RasGRP1, RasGRP3, PKC-δ and STIM1 was higher at the bone marrow transitional stage, at which negative selection occurs (Supplementary Fig. 7) , than in earlier B cell subsets. This stage was also the point at which thapsigargin-induced SOCE with greater amplitude and faster kinetics (Supplementary Fig. 8 ) and maximal thapsigargin-induced phosphorylated Erk responses (Fig. 3) STIM1 could contribute to the 'preferential' activation of the Ca 2+ -Erk pathway in developing B cells, and that downregulation of these proteins in mature B cells may contribute to the loss of sensitivity to antigen-induced apoptosis. In contrast, the expression pattern of RasGRP3 suggests this protein may also be involved in DAGmediated Erk signaling in mature B cells.
Ca 2+ -Erk signaling in developing B cells requires PKC-d
The idea that PKC-δ may be required for Ca 2+ -dependent Erk activation during B cell negative selection is notable, given the phenotype of Prkcd −/− mice 21, 22 . These mice have twofold and sevenfold more B cells in the spleen and lymph nodes, respectively. In these mice, self-reactive B cells develop and terminally differentiate but fail to undergo anergy. Prkcd −/− mice develop antinuclear antibodies and die prematurely at 9-12 months of age because of autoimmune disease. Published studies of these mice have focused on defects in peripheral B cell homeostasis that contribute to the phenotype 42 . However, given the developmental regulation of Ca 2+ -dependent Erk activation, we hypothesized that the phenotype of the Prkcd −/− mice may be at least partly due to an inability to activate the Ca 2+regulated Erk pathway during B cell negative selection. We did competitive-repopulation experiments in which we mixed Prkcd −/− and wild-type bone marrow cells at a ratio of 1:1 and injected the mixture into lethally irradiated mice. As expected, the Prkcd −/− B cells outcompeted the wild-type cells (Fig. 7a) . Notably, the earliest developmental stage at which we observed this effect coincided with the bone marrow stage at which Ca 2+ -dependent Erk activation occurred and at which higher STIM1 expression enhanced negative selection, whereas we did not observe it in the developmental stages before antigen receptor expression. This observation suggests that the competitive advantage of Prkcd −/− B cells relates to an alteration of developmental stage-specific signals.
We then hypothesized that the competitive advantage of Prkcd −/− bone marrow transitional B cells might relate to a loss of proapoptotic Ca 2+ -Erk signaling at this developmental stage. Thapsigargin-induced SOCE in Prkcd −/− cells was similar to or slightly greater than that in wild-type cells (Supplementary Fig. 8 ). However, Ca 2+ -dependent Erk activation was markedly impaired in developing Prkcd −/− bone marrow B cells (Fig. 7b,c) . The cell populations analyzed contain similar numbers of newly generated B cells in both genotypes, as shown by the rate of incorporation of the thymidine analog BrdU ( Supplementary  Fig. 9 ). Therefore, loss of Ca 2+ -dependent Erk signaling in transitional Prkcd −/− bone marrow B cells may have enhanced the survival of self-reactive B cells that would otherwise undergo apoptosis, thus setting the stage for the previously described autoimmune phenotype (Supplementary Fig. 10a,b) . In contrast, enhancing the activation of this pathway by increasing the concentration of STIM1 (Fig. 4) may have led to more activation of this pathway, resulting in more negative selection (Supplementary Fig. 10c ).
PKC-d deficiency rescues STIM1-overexpressing B cells
Finally, we sought to determine whether the STIM1-mediated sensitization of B cells to negative selection in the bone marrow ( Fig. 4) depended on this SOCE-PKC-δ-RasGRP-Erk pathway. We infected wild-type and Prkcd −/− hematopoietic stem cells with the eYFP-STIM1 retrovirus, then mixed those cells at a ratio 1:1 with wild-type cells infected with the eYFP retrovirus and injected the mixed population into lethally irradiated recipient mice. We analyzed the recipients 6-8 weeks after injection and determined the ratio of eYFP-STIM1 + cells to eYFP + cells throughout the bone marrow developing B cell populations. As shown above ( Fig. 4) , wild-type B cells overexpressing STIM1 were at a competitive disadvantage at the immature and transitional stages in the bone marrow ( Fig. 8) . In contrast, Prkcd −/− B cells overexpressing STIM1 had a competitive advantage over wild-type cells expressing eYFP alone (Fig. 8) , which indicated that PKC-δ is needed for STIM1 to sensitize B cells to negative selection at this developmental stage. Notably, the composition of the mature recirculating B cell population in these mice was highly variable (data not shown), perhaps indicative of a more complex epistatic relationship between PKC-δ and STIM1 in peripheral B cell homeostasis. Nevertheless, these results further support a model in which Ca 2+ -dependent Erk signaling, mediated by PKC-δ and RasGRP, sets a threshold for negative selection in the bone marrow (Supplementary Fig. 10) .
DISCUSSION
Our data have demonstrated the existence of a Ca 2+ -dependent proapoptotic pathway to Erk activation, which mediates a critical checkpoint during B cell development. We therefore propose a model in which Ca 2+ and DAG direct Erk to distinct functional outcomes during B cell development. Because DAG and inositol-(1,4,5)-trisphosphate are produced at equal molar concentrations downstream of the hydrolysis of phosphatidylinositol-(4,5)-bisphosphate mediated by phospholipase C-γ, DAG production is inextricably linked to SOCE induced by inositol-(1,4,5)-trisphosphate. However, the amplitude and duration of DAG production and SOCE depends mainly on proteins that amplify or negatively regulate these second messengers. For example, more STIM1 (which we observed in bone marrow transitional cells) may contribute to the amplification of SOCE. In contrast, less DAG production, which has been reported in immature B cells 10 , may be the result of rapid DAG turnover mediated by DAG kinases, DAG acyltransferases or DAG lipases, all of which metabolize DAG into different products. Data from the Immunological Genome Research Project website show that the abundance of mRNA for some of these proteins, such as DGK-δ, DGK-τ, DGK-η, DGLβ or DGAT2L6, changes during B cell development in ways that may affect DAG metabolism. In addition, we have found that considerable changes in the expression of proteins that mediate the activation of Erk pathways during development also contributed to their amplification, as demonstrated by the much higher expression of RasGRP1 and PKC-δ in transitional bone marrow B cells than in other B cell subsets. These changes in expression A r t i c l e s are probably critical in setting the appropriate threshold of antigenic signal strength that results in negative selection. The involvement of PKC-δ in this proapoptotic Erk pathway was not expected. PKC-δ has been linked to the apoptosis of many cell types 43, 44 , but the potential involvement of proapoptotic Ras-Erk signaling as an effector pathway downstream of PKC-δ has not been explored, to our knowledge. Therefore, our data linking PKC-δ to antigen-induced proapoptotic Ras-Erk signaling establish a new paradigm that could be tested in other systems in which PKC-δ is important in mediating apoptosis. Prkcd −/− mice have a defect in peripheral B cell homeostasis that increases the lifespan of B cells and is independent of selection events 21, 42 . However, our data showing the involvement of PKC-δ in proapoptotic Erk signaling during negative selection now suggest that loss of PKC-δ may also result in previously unrecognized alterations to the B cell repertoire that contribute to the disease pathology of the mice. Notably, PKC-δ has been reported to be dispensable in a transgenic model of negative selection mediated by the expression of membrane-bound HEL in MD4 mice, which have B cells specific for a transgenic BCR that recognizes HEL 21 ; this indicates that this may not be the only pathway that mediates the negative selection of B cells. However, membrane-bound HEL in that model provides an exceedingly strong antigenic stimulus, in particular to a high-affinity BCR transgene, that may override mechanisms that establish selection thresholds for many antigens in normal cells, thus leading to the deletion of B cells at the earliest bone marrow immature stage 45, 46 . Because the onset of PKC-δ-mediated, Ca 2+ -dependent Erk activation occurs in IgM hi IgD int bone marrow transitional B cells, it is not unexpected that the membrane-bound HEL system did not demonstrate the role of PKC-δ in negative selection.
The activation of Ras and Erk has been intensively studied in lymphocytes and has mostly been thought of as DAG dependent and Ca 2+ independent. Our findings have demonstrated that more than one pathway leads to Erk activation in B lymphocytes, and here we have shown that a Ca 2+ -dependent Erk activation pathway directed the functional outcome of the stimulus toward an apoptotic fate in developing B cells. Because RasGRP1 is prominently and exclusively expressed in B cell subsets in which this pathway is active, we focused our efforts on defining the biochemical mechanisms by which Ca 2+ may influence its function. We have thus identified RasGRP1 Ser332 as a potential phosphorylation site that is a likely PKC-δ target and that was required for Ca 2+ -dependent Erk activation. Unexpectedly, this site is located in the CDC25 domain of RasGRP1, the domain that actually mediates the interaction with Ras and consequently the nucleotide-exchange function of the protein. Because of this, a phosphorylation event that preserves nucleotide-exchange function (as is the case with Ser332) is unlikely to trigger structural reorganization of the protein. On the basis of homology modeling with the RasGRF1 CDC25 domain 41, 47 , we predict that this site is in the flap2 region of the CDC25 domain, which may have a role in positioning the catalytic helical hairpin of the exchange factor for catalysis. This residue is close to the Ras-binding site, and because of the increase in negative charge associated with phosphorylation, electrostatic interactions may influence which Ras isoform interacts with RasGRP1. This may help explain how distinct Ras protein signaling pathways that rely on Erk achieve specificity.
The Ras-Erk pathway is very promiscuous in terms of potential substrates, and it has been suggested that specificity is achieved through compartmentalization mediated by scaffolds that constrain Erk to signaling complexes, where it can be activated by the appropriate stimuli and simultaneously gain access to appropriate substrates [48] [49] [50] . As mentioned above, phosphorylation of RasGRP1 at Ser332 could potentially contribute to such specificity. However, although it is clear that phosphorylation of RasGRP1 at Ser332 was essential for the induction of activation of this Erk pathway by SOCE, the results obtained with the phosphomimetic mutant suggested that this event was also not sufficient to activate it and that other Ca 2+dependent events may be required. Because PKC-δ is not thought to bind Ca 2+ directly, it is possible that the binding of Ca 2+ to RasGRP via the EF hands contributes to the promotion of RasGRP activity, possibly by facilitating the interaction with PKC-δ. Moreover, at this point we cannot exclude the possibility that other Ca 2+ -responsive proteins may have a role in this signaling complex, perhaps by further modifying PKC-δ and/or RasGRP and potentiating their activity. Concentration gradients of DAG and Ca 2+ are also known to affect the localization of signaling proteins and may contribute to directing distinct Erk pathways to unique compartments in the cell. Notably, results obtained with thymocytes have indicated the involvement of differences in the localization of mitogen-activated protein kinase signals in setting the thresholds of positive and negative selection 51 . Those findings, combined with our data, suggest that Ca 2+ and DAG may control selection by directing the assembly and localization of different mitogen-activated protein kinase signaling complexes.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
